Featured Application: The molecular methods here identified as the best performing tools to type K. humilis, S. cerevisiae and L. sanfranciscensis isolates could be further utilized for the selection of sourdough yeasts and LAB to be used as starters for the production of functional baked goods.
Introduction
Sourdough is a mixture of cereal flour and water, fermented by a complex biological ecosystem, consisting of different genera, species and strains of lactic acid bacteria (LAB) and yeasts, which interact among themselves, often establishing stable associations. During fermentation, yeasts are primarily responsible for the leavening, LAB for the acidification of the dough, and both produce a wide variety of compounds (organic acids, alcohols, aldehydes, esters, ketones, bacteriocins) that act in a synergistic way to prevent or eliminate deleterious microbial contaminations, improving the shelf-life of baked goods. Moreover, microbial compounds contribute to unique flavours and textures of the diverse fermented bread, enhancing also their nutritional and nutraceutical quality [1] . The production of bioactive metabolites varies significantly among the different LAB and yeast strains occurring in each sourdough [2, 3] , as the result of their genetic intraspecific diversity. Therefore, the molecular and functional strain-level characterization of sourdough microbiota is crucial to give value to traditional or origin protected baked end-products, to develop innovative starter cultures and to design functional cereal-based foods. To this aim, molecular tools for the intraspecific characterization of sourdough microbiota are fundamental, though there is no universally applicable typing method to discriminate among isolates from the same ecological niche, harbouring different microbial communities well adapted to the environment and often closely related among them [4] . Lattanzi et al. (2013) revealed the composition of the LAB microbiota of 18 Italian traditional sourdoughs, using random amplified polymorphic DNA-polymerase chain reaction (RAPD-PCR) technique with P4, P7 and M13 primers [5] . Multiplex RAPD-PCR with two singly (P4 and MV1) and two combined (OPL-05 + RD1 and P1 + RD1) primers was utilized by for typing Lactobacillus sanfranciscensis isolates from traditional Italian sourdoughs [6] . Another technique, which has been found particularly useful for differentiating sourdough LAB at the strain level, is repetitive element sequence-based (rep)-PCR using (GTG) 5 primer. Such a method was applied by Liu et al. (2016) to analyse a total of 246 LAB strains isolated from 15 different samples of Chinese traditional sourdoughs [7] .
Many studies have focused on the intraspecific characterization of LAB, while only a few investigated sourdough yeasts. Among DNA-fingerprinting methods, yeast intraspecific heterogeneity has been studied using RAPD-and rep-PCR. The former has been successfully used, with M13 and RF2 primers, to differentiate three distinct biotypes out of 58 Saccharomyces cerevisiae strains from southern Italian sourdoughs [8] . Recently, Palla et al. (2019) revealed a high polymorphism among the 77 S. cerevisiae isolates from Tuscan sourdoughs, using inter-delta region analysis [9] . Rep-PCR with (GACA) 4 primer was utilized to reveal the composition of the yeast microbiota of 18 traditional Italian sweet sourdoughs and 19 typical Italian bread sourdoughs, respectively [5, 10] . Vigentini et al. (2014) , using intron splice site dispersion (ISS-PCR) and (GTG) 5 rep-PCR analyses, discriminated different strains within the species Candida milleri (now reclassified as Kazachstania humilis) [11] .
Considering that a high genetic intraspecific diversity of sourdough microbial communities may provide differential functional features affecting nutritional, organoleptic and technological properties of leavened baked goods, here, for the first time, we investigated the molecular diversity of Protected Designation of Origin (PDO) Tuscan bread sourdough microbiota at the strain level. To this aim, we assessed the diversity of 96 Lactobacillus sanfranciscensis, 65 Kazachstania humilis and 3 Saccharomyces cerevisiae, using P4, P7 and M13 RAPD-PCR, (GTG) 5 rep-PCR and inter-delta region analyses, respectively, as the best discriminating molecular techniques.
Materials and Methods

Microorganisms
The 96 L. sanfranciscensis, 65 K. humilis and 3 S. cerevisiae isolates used in this study belong to the sourdough germoplasm bank of the PDO Tuscan bread (Official Journal of the European Union C 235 of 14 August 2013), maintained in the International Microbial Archives (IMA) of the Microbiology Labs of the Department of Agriculture, Food and Environment (DAFE) of the University of Pisa (Table 1 ) [12] . LAB were maintained in the modified De Man, Rogosa and Sharpe (mMRS) broth medium [13] obtained by adding 2% maltose and 5% fresh yeast extract and adjusted to pH 5.6, and yeasts were maintained in the Wallerstein Laboratory Nutrient (WLN) broth medium (Oxoid, Basingstoke, UK), both supplemented with 20% (w/v) glycerol, at −80 • C. 
Molecular Intraspecific Diversity of LAB Isolates Characterizing the PDO Tuscan Bread Sourdough
In order to discriminate the L. sanfranciscensis isolates at the strain level, a preliminary identification of the best performing molecular technique was carried out on 12 isolates (IMA 2LAB, 13, 15, 23, 24, 27, 59, 63, 83, 87 93, 98), which were previously selected on the basis of their variability to solubilize phytate and of their polymorphism within 16S rRNA gene [12] . LAB isolates were analysed using different fingerprinting techniques: (GTG) 5 rep-PCR and RAPD-PCR using different sets of primers. The best discriminating technique was then used to study the intraspecific diversity of the 96 L. sanfranciscensis isolates, along with the reference strain L. sanfranciscensis DSMZ 20451 T .
The rep-PCR analysis was carried out using 160 ng of DNA, as described by Liu et al. (2016) [7] . The reaction conditions were: 94 • C initial denaturation for 5 min, 40 amplification cycles of 15 s at 94 • C, 30 s at 55 • C, 90 s at 72 • C, final extension at 72 • C for 4 min. The first RAPD-PCR tested was carried out using two single reactions with P4 (5'-CCG CAG CGT T-3') and MV1 (5'-GGA CGC TTC TG-3') primers, and two multiplex reactions with the combined OPL-05 (5'-ACG CAG GCA-3') + RD1 (5'-GCT TAA GGA GGT GAT CCA GCC-3') and P1 (5'-ACG CGC CCT-3') + RD1 primers, as described by [6] . The second RAPD-PCR tested, was performed using three single reaction with P4 (5'-CCG CAG CGT T-3'), P7 (5'-AGC AGC GTG G-3') and M13 (5'-GAG GGT GGC GGT TCT-3') primers, as described by Lattanzi et al. (2013) , except for the primer concentration (5 µM) and for the PCR conditions: 94 • C initial denaturation for 1 min, 40 amplification cycles of 1 min at 94 • C, 20 s at 40 • C, 2 min at 72 • C, final extension at 72 • C for 5 min [5] . All PCR amplifications were carried out with an iCycler-iQ Multicolor Real-Time PCR Detection System (Bio-Rad, Milan, Italy), using Taq DyNAzyme II DNA polymerase and 10X DyNAzyme Buffer Mg 2+ free (Finnzymes, Thermofisher, Milan, Italy). All primers were bought at Eurofins Genomics, Ebersberg, Germany. The presence of amplicons was confirmed by electrophoresis in 1.8% (w/v) agarose gel stained with 0.5 µg/mL REALSAFE Nucleic Acid Staining Solution (20000x, REAL, Durviz S.L., Valencia, Spain), run in 1X TBE at 65 V for 2 h. A 100 bp DNA ladder (New England BioLabs) was added on each side and in the centre of agarose gels, in order to better align patterns from different gels. All gels were visualized by UV and captured as TIFF format files by the UVI 1D v. 16 .11a program for FIRE READER V4 gel documentation systems (Uvitec Cambridge, Eppendorf).
LAB profiles were digitally processed and analysed with BioNumerics software ver. 7.6 (Applied Maths, St-Martens-Latem, Belgium). Profiles were compared using the band matching tool with a position tolerance and optimization of 1%. For cluster analysis, the similarity was calculated using Dice's coefficient and unpaired group method with arithmetic average (UPGMA) trees were constructed. In particular, RAPD profiles were processed under a unique dendrogram, by combining the patterns from the different PCR amplification, while the other profiles were analyzed individually. The cophenetic correlation coefficient was used as a statistical method to estimate the error associated with dendrogram branches, while the Cluster Cutoff method was applied to define the most reliable cluster.
The reproducibility of fingerprints was assessed by comparing the combined fingerprinting patterns, obtained using DNA prepared from two separate cultures of the same ten randomly selected strains (L. sanfranciscensis IMA 3LAB, 18, 27, 45, 55, 56, 76, 94, 98 and DSMZ 20451 T ). All pairs of duplicates were amplified in different PCR reactions and the average similarity coefficient was calculated as described by Eriksson et al. (2005) [14] .
To estimate the typing efficiency of the three different molecular techniques, a numerical index of discrimination (D) was calculated as described by Hunter and Gaston (1988) [15] .
Molecular Intraspecific Diversity of Yeast Isolates Characterizing the PDO Tuscan Bread Sourdough
In order to discriminate yeast isolates at the strain level, a preliminary identification of the best performing molecular technique was carried out on nine isolates (K. humilis IMA 1Y, 8, 13, 33, 37, 122, S. cerevisiae IMA 19Y, 36 and 105) along with K. humilis DBVPG 6753 T , which were previously selected on the basis of functional analysis results [12] . Such yeasts were analysed using the following fingerprinting techniques: restriction fragment length polymorphism analysis of mitochondrial DNA (RFLP mtDNA), mitochondrial COX1 gene introns amplification, inter-delta regions amplification, RAPD-PCR and two different rep-PCR analyses. The best discriminating techniques were then used to study the intraspecific diversity of the 65 K. humilis and of the 3 S. cerevisiae isolates, separately.
For the analysis of RFLP mtDNA, mitochondrial DNA from yeast isolates was extracted and digested using Hinf I and RsaI endonucleases (New England BioLabs), as described by Agnolucci et al. (2009) [16] . Restriction fragments were separated in 0.8% (w/v) agarose gel electrophoresis in 1X TBE buffer at 100 V for 3 h and then stained in a water bath containing 0.5 µg/mL of REALSAFE Nucleic Acid Staining Solution (20000x, REAL, Durviz S.L., Valencia, Spain). The multiplex amplification reaction of mitochondrial COX1 gene introns was carried out using 100 ng of the mitochondrial DNA as described by Lopez et al. (2003) [17] . Inter-delta regions amplification was performed using 160 ng of DNA following the method reported by Palla et al. (2019) [9] . RAPD-PCR was carried out by two single reactions with M13 (5'-GAG GGT GGC GGT TCT-3') and RF2 (5'-CGG CCC CTG T-3') primers, using the same conditions described by Succi et al. (2003) [8] . For the first rep-PCR, the primer (GTG) 5 was used, and the amplification reaction was performed as described by Vigentini et al. (2014) [11] . The second one was performed with (GACA) 4 primer, according to Andrade et al. (2006) PCR protocol [18] .
All PCR amplifications were carried out as previously reported. The presence of amplicons was confirmed by electrophoresis in 1.8% (w/v) agarose gel stained with 0.5 µg/mL REALSAFE Nucleic Acid Staining Solution (20000x, REAL, Durviz S.L., Valencia, Spain), run in 1X TBE at 65 V for 2 h, using a 100 bp DNA ladder (New England BioLabs) as molecular marker. Finally, all gels were visualized and digitally processed by BioNumerics software ver. 7.6 (Applied Maths, St-Martens-Latem, Belgium), as previously described.
The reproducibility of fingerprints was assessed by comparing the fingerprinting patterns, obtained using DNA prepared from two separate cultures of the same five randomly selected strains (K. humilis IMA 22Y, 24, 27, 51 and 104). All pairs of duplicates were amplified in different PCR reactions and run in different electrophoresis gels. The average similarity coefficient from duplicates was calculated as described by Eriksson et al. (2005) [14] .
In order to estimate the typing efficiency of the different molecular techniques, Discriminatory index (D) was calculated.
Results
Molecular Intraspecific Diversity of LAB Isolates Characterizing the PDO Tuscan Bread Sourdough
The preliminary test performed using 3 different molecular techniques was carried out on 12 L. sanfranciscensis isolates. Profiles obtained using rep-PCR with (GTG) 5 primer were digitally processed. The resulted dendrogram grouped the isolates into two main clusters with a similarity level of 50% ( Figure 1) , showing a discriminatory index of 0.82 and was able to discriminate 6 different biotypes. RAPD-PCR profiles obtained using two single reactions with P4 and MV1 primers, and two multiplex reactions with the combined OPL-05 + RD1 and P1 + RD1 primers were compared and analysed. The dendrogram, created by combining the four different RAPD profiles, grouped the isolates into two main clusters with a similarity level of 63% (Figure 1) , showing a discriminatory index of 0.98 and was able to discriminate 11 different biotypes. Finally, RAPD-PCR profiles, obtained using three single reactions with P4, P7 and M13 primers, were combined to create a dendrogram, which grouped the isolates into two main clusters with a similarity level of 79%, and clustered L. sanfranciscensis IMA 23LAB separately, at a similarity of 65% (Figure 1) . Such a method showed a discriminatory index of 0.95 differentiating 10 different biotypes. Comparing the discriminatory indices obtained from the three molecular techniques, both RAPD-PCR methods showed high discrimination performance. Although RAPD-PCR with P4, MV1, OPL-05 + RD1 and P1 + RD1 primers was able to discriminate one biotype more than RAPD-PCR with P4, P7 and M13 primers, the latter clustered the isolates in accordance with the polymorphism differences observed within 16S rRNA gene [12] and was used to analyse the intraspecific diversity of the 96 L. sanfranciscensis isolates. Such isolates, along with the reference strain L. sanfranciscensis DSMZ 20451 T , were analysed combining RAPD profiles obtained with each primer and considering 81.47% as the similarity value for separation of biotypes. Such a method was able to discriminate 43 biotypes out of the 96 LAB isolates, revealing high biodiversity among L. sanfranciscensis strains characterizing PDO Tuscan bread sourdough (Figure 2 ). 
Molecular Intraspecific Diversity of Yeast Isolates Characterizing the PDO Tuscan Bread Sourdough
A preliminary test performed using 6 different molecular techniques was carried out on 7 selected K. humilis and on the only 3 S. cerevisiae strains isolated. COX1 gene introns amplification and RFLP mtDNA analyses were unable to discriminate neither among K. humilis nor among S. cerevisiae isolates (data not shown). Profiles obtained using inter-delta regions amplification analysis originated the dendrogram reported in Figure 3 , discriminating S. cerevisiae from K. humilis isolates, at a similarity level of 43%. Such a method discriminated 5 different biotypes among the 7 K. humilis isolates, showing a discriminatory index of 0.90. The dendrogram, created by combining the two RAPD profiles obtained using M13 and RF2 primers, grouped K. humilis isolates into two main clusters with a similarity level of 93%, discriminating only 3 different biotypes (Figure 3) . The discriminatory index resulted in 0.67. The cluster analysis of profiles obtained using rep-PCR with (GTG) 5 primer grouped the K. humilis isolates at a similarity level of 78% with K. humilis DBVPG 6753 T (Figure 3 ). Such a technique showed a discriminatory index of 0.95 and allowed the detection of 6 different biotypes, revealing a high ability of discrimination among K. humilis isolates. The cluster analysis of profiles obtained using rep-PCR with (GACA) 4 primer grouped K. humilis isolates in two main clusters at a similarity level of 46%, discriminating 4 different biotypes. The discriminatory index resulted in 0.81 ( Figure 3 ). Comparing the discriminatory index obtained by the 6 molecular techniques, rep-PCR with (GTG) 5 primer resulted in the best differentiation tool for the typization of K. humilis isolates and was used to characterize at strain level the 65 K. humilis isolates, considering 93.78% as the similarity value for separation of biotypes. Results showed the occurrence of 9 biotypes out of the 65 K. humilis isolates characterizing PDO Tuscan bread sourdough (Figure 4 ). Among the 6 typing methods screened, only the inter-delta regions amplification (Figure 3 ) and the M13 and RF2 RAPD-PCR ( Figure 3 ) techniques differentiated two biotypes out of the three S. cerevisiae isolates, showing that S. cerevisiae IMA 19Y and IMA 36Y belonged to the same biotype, and S. cerevisiae IMA 105Y was a different one. As inter-delta regions amplification differentiated the two biotypes at a lower similarity level (53%) than RAPD-PCR (96%), the former technique resulted in the best tool for the typization of our S. cerevisiae isolates.
Discussion
Here, the molecular characterization at the strain level of K. humilis, S. cerevisiae and L. sanfranciscensis isolates occurring in PDO Tuscan bread sourdough was performed. Rep-PCR and inter-delta region analyses revealed the highest intraspecific diversity in K. humilis and S. cerevisiae, respectively, while the combination of three RAPD-PCR analyses was the best discriminating method for L. sanfranciscensis.
The DNA fingerprinting methods rep-PCR with (GTG) 5 primer and RAPD-PCR with two different sets of primers, used to characterize L. sanfranciscensis isolates, showed a high discriminatory power, particularly the two multiplex RAPD-PCR techniques (D ≥ 0.95). RAPD-PCR with P4, P7 and M13 primers clustered the isolates in accordance with the polymorphism observed within 16S rRNA gene and revealed a large degree of intraspecific variability among L. sanfranciscensis strains isolated from PDO Tuscan bread sourdough. Actually, the occurrence of only one LAB species, L. sanfranciscensis, may have boosted a marked intraspecific differentiation. Similar findings were found by Kitahara et al. (2005) , who, studying the LAB communities of 5 different sourdoughs, found L. sanfranciscensis intraspecific diversity only in the sourdough where such microorganism was the only LAB species [19] .
Concerning the yeast community of PDO Tuscan bread sourdough, the intraspecific characterization has been carried out comparing 6 different molecular methods. Inter-delta regions amplification resulted in the best discrimination tool for the typization of S. cerevisiae, differentiating two biotypes among the three S. cerevisiae isolates. Similar results were obtained by Osimani et al. (2009) , who used this method to investigate the intraspecific diversity of the S. cerevisiae isolates characterizing the sourdough from the Marche region [20] . Also, Pulvirenti et al. (2004) found a high degree of polymorphism among S. cerevisiae isolated from Sicilian sourdoughs, using inter-delta region analysis [21] . Conversely, , studying S. cerevisiae strains isolated from Legaccio and Panettone mother sponges, revealed only one inter-delta profile for each sourdough [22] .
The rep-PCR with (GTG) 5 primer method showed the best discriminatory index (0.95) for K. humilis. Cluster analyses grouped the 65 K. humilis in 9 biotypes, revealing a high degree of intraspecific polymorphism. Accordingly, a high genetic diversity at the strain level within C. milleri and Candida humilis (reclassified as K. humilis) isolated from traditional Italian sourdoughs, using (GTG) 5 microsatellite analyses was reported [11] . By contrast, a very low polymorphism among C. milleri isolates of traditional sourdoughs was detected using MV1-RAPD PCR [22] .
In conclusion, our work showed a high degree of genetic diversity among LAB and yeast strains of PDO Tuscan bread sourdough. Such highly complex microbial communities could be further studied for their functional traits conferring peculiar organoleptic, rheological and nutritional properties to PDO Tuscan bread. Actually, preliminary tests carried out on these isolates revealed the ability to solubilize phytate in 18 out of the 96 L. sanfranciscensis strains, in the 3 S. cerevisiae and in 3 out of 65 K. humilis isolates, 50% of which showed also protease activity [12] . The molecular and functional characterization of PDO Tuscan bread sourdough microbiota will allow the selection of autochthonous Tuscan sourdough yeasts and LAB to be used as starters in the years to come. 
